INTRODUCTION
Recently, some unusual oligonucleosomes have been isolated and characterized which formally may correspond to an array of core particles but whose properties deviate specifically from those of the bulk chromatin fragments. They have been termed "compact oligomers" (1, 2) or "spacerless dinucleosomes" (3) .
Such particles contain exclusively the histones H 2a, H 2b, H 3, and H 4 and double strand pieces of DNA either 240 base pairs (bp) (3, 4) or 265 -275 bp (2) long. Both groups presented evidence that they are investigating novel particles which are made up by two histone cores in an unusually close juxtaposition rather than two core particles with excessively trimmed ends. The compact dimer, for instance, is described as two stacked histone octamers (5) interacting with 265 bp of DNA in a way much like an individual core particle (2) .
It, thus, fits into a series of compact structures proposed before (6) on the basis of established physical properties of the histone core (7) and the core particle (8) .
Compact dimers exhibit a very strong 10 b repeat pattern up to about 270 b upon re-digestion with DNAase I (2). This "extended ladder" is found also in digestions of total chromatin from chicken erythrocytes and yeast (1) and it might thus be reasoned that chromatins in general contain a certain amount of compact structures. Klevan and Crothers come to a similar conclusion by pointing out that DNA lengths as contained in the spacerless dimers appear normally in chromatin digested with micrococcal nuclease. However, all such particles are prepared from histone H 1 and H 5-depleted chromatin. A common step in both procedures is the addition of NaCl to a final concentration of 600 mM (3) or 650 mM (2, 9) to dissociate the distones H 1 and H 5. Due to this fact doubts about the physiological origin of these particles cannot totally be overcome. In fact, Steinmetz et al. (10) conclude from indirect evidence that salt in such concentrations may cause core particles to slide along the DNA to form contiguous arrays in absence of H 1. More recently it was shown that salt in much lower concentrations (150 mM) suffices already to cause core particles from SV 40 mini chromosomes to roll or slide (11) . Using an approach of preparing H 1-depleted chromatin without salt treatment I will present direct evidence that structures like compact dimers are formed as artifacts in chromatin when exposed to high ionic strengths.
MATERIALS AND METHODS
Preparation of H 1-depleted chromatin. Nuclei from calf thymus were prepared in buffers containing hexylene glycol (12) essentially as described before (13). Histone H 1 was extracted from the intact nuclei following the method of Cole et al. (14) by two subsequent 15 min washes with buffer of pH 2.25. Besides trace amounts of non-histone proteins this procedure depletes totally of hisone H 1 (13). H 1-depleted nuclei, kept in hexylene glycol buffer containing 2 mM Ca + , pH 7.0, were lysed by adding EDTA to a final concentration of 10 mM and a subsequent centrifugation at 20 000 x g for 15 min. The resulting chromatin pellet was divided into several parts by cutting it with scissors. Salt incubation. All handling and incubation of chromatin was performed at 0 -4° C. The rather coherent pieces of the chromatin gel were decanted into buffers containing 15 mM Tris HC1, 0.7 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride (PMSF) pH 7.3 which in addition had been adjusted to a desired ionic strength by adding solid NaCl. Further transfer of the chromatin clumps was carried out by decanting avoiding any shearing or other physical stress. Direct contact between chromatin and glass surfaces was circumvented by using plastic vessels, pipets, etc.. Equilibration of the chromatin after buffer changes was accelerated by occasional gentle shaking and replacing the buffer after 60 min by a fresh batch. Chromatin aliquots for digestion were cut off the main clump after various times during incubation and withdrawn with a widemouthed pipet.
Nucieolytic digestions and DNA gel electrophoreses. Micrococcal nuclease from Staphylococcus aureus (E.C. 3.1.4.7) was purchased from PL Biochemicals. Chromatin aliquots were equilibrated in 15 mM Tris HC1, pH 7.5, 1 mM CaCl 2 by repeated washing and centrfugation. Digestions were performed at a chromatin concentration of 5 -8 mg/ml with 125 units/ml of enzyme at 37° C. Aliquots were withdrawn from the digestion mixture after 15, 30, 60, and 90 min. The reaction was terminated by adding sarcosyl to a final concentration of 2%. DNA from these samples was isolated as described by Britten 
RESULTS
When histone H 1-depleted chromatin is incubated for the first time in buffered solutions of low ionic strength ( ^ 0.3 M) a subsequentdigestion with micrococcal nuclease produces mainly core particles. Except for a transient phase at the beginning of digestion an electrophoretic analysis of the DNA shows only one pronounced band of about 140 bp length (cf. Figure 1 A, B) . In contrast, when the chromatin has been incubated before at ionic strength 0.5 M one strong additional band appears after digestion on the DNA gel (cf. Figure  1 C ). The mean length of that DNA is about 270 bp.
Where does this DNA band originate from? On sucrose gradients I analyzed the particulate structures produced by digestion of the H 1-depleted chromatin. In the case where the chromatin had been incubated at or below 0.3 M ionic strength the fractionation of the total digestion products shows only one peak (cf. Figure 2 A, B). It sediments with about 11 S. As judged by their protein and DNA content these particles correspond to typical core particles (9) . The small plateau preceding the core particle peak on the elution profile (cf. Figure 2 A) is composed of structures containing a wide variety of DNA sizes nearly equally distributed between 270 bp and 100 bp (cf. On the other hand, when the chromatin has been incubated at 0.5 M NaCl the elution profile of the sucrose gradients demonstrates the presence of further kinds of particles in the digest. As can be seen in Figure 4 A the typical DNA band of compact dimers is absent at the end of the incubation at low ionic strength (time 3.5 hr) but it appears during the subsequent high salt incubation. This result shows clearly that the compact dimers are formed de novo during the period in which the chromatin is exposed to high ionic strength. This conclusion is confirmed by confering to the relative amounts of compact dimers (i.e. the intensities of the 270 bp band after short digestion) in the time course experiments performed on the samples directly exposed to high ionic strength (cf. Figure 4 B, C) . Even in these cases the characteristic band only gradually becomes stronger with the duration of the preceding salt incubation. Therefore, with respect to the origin of compact dimers one cannot be dealing with a salt promoted stabilization of structures existing in the nucleus. On the same picture it can be seen that larger oligomers also appear in salt-treated chromatin. The DNA bands can be followed up to a hexamer whereby their centers fall on the positions 145, 263, -390, ~520, and-640 bp. This series complies with the findings and predictions made before (2, 6). On sucrose gradients separating whole digests the oligomer particles can be distinguished up to tetramers. Due to the relative small amounts of the higher oligomers their properties and the mode of their formation cannot equally well be studied as those of the dimers. However, what little can be assessed is consistent with the idea that these oligomers correspond to a series of compact particles formed in much the same way as the dimers described above.
DISCUSSION
The method employed here for the preparation of hi stone H 1-depleted chromatin avoids the often used treatment of chromatin with high ionic strength for the same purpose. It starts from still intact nuclei which have been entirely depleted of histone H 1 (and only trace amounts of other proteins) by an extraction at low pH under carefully controlled conditions. We have formerly utilized such nuclei and found that this depletion does not destroy the typical nuclear chromatin structure on the nucleosomal level (13). Our findings do not comply with results yielded by investigating isolated nucleosomes at low pH under equilibrium conditions (27) . It seems, therefore, justified to assume that the chromatin gained by lysing such nuclei offers the potential for complementing a number of studies in which a distinction between the effect of high ionic strength and the properties of the H 1-deficient chromatin eo ipso would appear desirable. In the case of the recently discovered compact oligomers (2) and spacerless dinucleosomes (3, 4), both prepared in the presence of high ionic strength, the question for their origin has either been left open or has been discussed by circumstantial evidence. Employing the acid depletion of histone H 1 and subsequently studying separately the effect of high ionic strength on the H 1-free chromatin yields some new insights. The most obvious one is the fact that compact oligomers are newly formed in the presence of high ionic strength.
Before going into more detail it appears useful to first mention two facts which may suggest some wider applicability of the following reasoning than actually attached to it. The experiments presented in this work were performed on chromatin from calf thymus while compact oligomers were first described for chromatin from chicken erythrocytes (2). Nevertheless, with respect to all parameters tested the particles from both sources are very similar or, possibly, identical. This strongly suggests that the forces causing their formation and stability do in fact not depend on the particular source of the chromatin. Furthermore, the identification of DNA sizes characteristic for "spacerless dinucleosomes" within the dimer peak on sucrose gradients (cf. last section under Results) is, to say the least, consistent with the parallel existence of both "compact dimers" (1, 2) and 'spacerless dinucleosomes" (3, 4). In absence of any other easy test for the presence of the latter particle this may be considered sufficient evidence that both particles belong to some common kind of structures and are generated by a similar mechanism.
The arguments of the de novo formation of compact oligomers in high salt are the logical consequence of the transfer experiments. The chromatin has been brought from whatever structure it has been in within the H 1-depleted nuclei to a state in which no compact dimers are identifiable. Solely upon addition of salt these particles become present, while they are still not in absence of salt even after long times (cf. Figure 1) . The fact that these dimers are absent in chromatin right after nuclear lysis can be expanded into an argument in favor of their purely artifactual nature: It has been shown that compact dimers, once formed, do not degrade in media of low ionic strength. It must thus be expected that nuclear lysis in buffers of low ionic strength is not capable of destroying some compact dimers eventually existing in the H 1-depleted nuclei, unless complex ancillary hypotheses are forwarded. Consistently with this argument we have not found compact dimers when studying H 1-depleted nuclei directly (13). This does, of course, not strictly argue against their existence in native nuclei although it renders it unlikely.
The causal connection between the high ionic strength and the formation of compact dimers, but not with their stability, makes it necessary to distinguish between different forces involved. The paper by Tatchell and Van Holde depicts compact dimers (and the higher oligomers) as stacks of two (or more) histone cores surrounded by an evenly supercoiled stretch of DNA. Within the frame of their model high ionic strength has to be considered responsible for the histone cores being able to come sufficiently close together and some other force, at least in addition, for keeping them in close contact. Regarding the mechanism of histone dislocation a linear diffusion along the DNA has been suggested before (10, 11, 26). Such a sliding or rolling requires a breakage of the ionic interactions between the DNA and the highly charged domains of the histones (22), although not all of them at the same time. Thus one expects sliding 1) to be energetically more favorable than histone dissociation, 2) to depend on the charge enviroment, e.g. on the surrounding ionic strength, and 3) to be a transient phenomenon. The first two requirements are certainly met by the experimental findings presented here: The formation of compact dimers occurs already at NaCl concentrations regarded safe with respect to histone dissociation (20, 21, 25) and it depends on the ionic strength.
One may further assume that interactions between two integral histone cores are mediated, at least in part, by hydrophobic interactions as proposed for the interactions between the constituent individual histones or histone pairs (23, 24) . This could create a sink of the internal energy of such stacks which is independent of the surrounding ionic strength. Trapping of the products, in general, is a convenient way of analysing a transient phenomenon and would fully account for the experimental findings made here with the formation of compact dimers. Obviously, the thus measured rate of reaction (i.e. stacking of histone cores) is an apparent one which includes both the rates of association and dissociation plus some parameter describing the depth of the potential sink. This would, on the one hand, explain the extremely slow kinetics found for the formation of compact dimers. On the other hand, it makes clear why this experimental system cannot be considered particularly apt for a determination of the minimum ionic strength required for sliding nor of its rate.
